The utilization of bis(isonicotinic acid)phthalocyaninatocobalt (II) [CoPc(isa)2] incorporated on TiO2 has been studied as a photocatalyst to degrade benzene vapor under fluorescent lamp (indoor light) conditions. The photocatalytic activity of [CoPc(isa)2]-TiO2 compared to TiO2 showed an increase in the extent of degradation. The axial isonicotinic acid ligand attached to CoPc improved the degradation rate of benzene as compared with unligated CoPc-TiO2 which may be attributed to the enhancement of electronic structure in the complex due to the additional isonicotinic acid ligand and its possible attachment to the TiO2 surface through the carboxylic acid moiety. Therefore, covalently-linked CoPc(isa)2 to TiO2 can enhance the extent of photodegradation of benzene and other common volatile organic compounds under indoor lighting conditions.
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Introduction
Indoor air pollution is an environmental problem that is less addressed, yet very important to be eliminated due to its direct impact on health and the currently increasing indoor human activities attributed to the concern on outdoor air pollution. Photocatalytic oxidation of air pollutants is one of the most efficient ways of eliminating indoor air pollutants wherein photocatalysts are irradiated by incident light to produce electron-hole pairs capable of generating a cascade of redox couples to convert air pollutants into inert compounds. The photocatalysts are composed of low-band gap semiconductors which easily facilitate formation of electron-hole pairs needed for the reaction. 1 Typically, TiO2 has a band structure that can be reactive towards most compounds upon light activation. 2 Conventionally, TiO2 photocatalysts require high energy UV light incident radiation for it to be activated; hence, a separate UV lamp is usually required for photocatalytic reactors to be installed for indoor air purification. 3 Thus, the primary goal of this research is to increase the sensitivity of TiO2 towards visible light, which is present in indoor environments through indoor lighting (fluorescent) which only emits visible radiation.
One way of harvesting visible light without compromising the electronic band structure of TiO2 is through sensitization, by incorporating light sensitive molecules which are capable as electron donors to the photocatalyst. 4 Many different photosensitizers (PS) were used onto TiO2, commonly on dye sensitized solar cell (DSSC) applications. 2 Applications of photosensitized TiO2 on indoor air pollutant degradation applications are of less interest, yet a number of molecules have been used including fullyconjugated molecules and metal macrocycle complexes to mitigate various kinds of pollutants. 5 Phthalocyanines (MPc, M = metal), with their applications as molecular conductors 6 and catalysts, 7 are very promising additives to TiO2. It has been reported that TiO2 impregnated with MPcs can be used as visible light activated photocatalysts for degrading sulfur-containing compounds 8 and organic pollutants 9 in wastewater.
Modification of the structure of MPcs can also enhance the electronic properties of the complex, which can also positively affect photosensitization. Aside from the change in the central atom, addition of substituents on the phthalocyanine periphery can be done, which would influence the light absorption capabilities of the complex, thereby further enhancing TiO2 photosensitization. 10 Moreover, the substituents can be functionalized to serve as bridging ligands to TiO2 producing an efficient electron transfer from the phthalocyanine photosensitizer. This paper reports on axial ligation as a modification option on enhancing the electronic structure of phthalocyanines as photosensitizer to TiO2. Axial ligands have the capacity to influence the Pc as photosensitizer through the metal-ligand interaction and it has also been used as an option for modification on DSSC applications.
11
It can also be used as a bridging ligand from the photosensitizer to the TiO2 surface if the chosen ligand is functionalized. The study involves the usage of isonicotinic acid as an axial ligand which will act as an axial ligand to cobalt (II) phthalocyanine (CoPc) and may eventually bridge the photosensitizer onto the TiO2 surface through the carboxylate moiety.
Results and Discussion
In order to measure the versatility of the photocatalysts against realistic indoor air pollution conditions, the chamber is designed to depict a static air environment in which the air is poorly circulating and the diffusion of the VOC vapor is limited to the convection and weak air currents. In order to ensure reliability of measuring such conditions, measurements were made onto the chamber with an empty catalyst which showed a statistically constant concentration and peak area and was observed to have no significant leakages. This is due to the air possibly circumventing inside the chamber brought by the sand bath. The conditions were optimized to meet the consistency in the measurement as the catalyst is placed inside the chamber.
The photocatalytic performance of the axially ligated cobalt (II) phthalocyanine-modified titania CoPc(IsA)2-TiO2 is compared with the photocatalytic activities of plain TiO2 and cobalt (II) phthallocyanine-modified titania (CoPc-TiO2). Benzene vapor was used in the test because it is considered as one of the most common and toxic volatile organic compounds (VOC) indoor air pollutants. The progress of benzene degradation versus time via the aforementioned photocatalysts are shown in Fig. 1 . It is shown that the instantaneous degradation extent using CoPc(isa)2-TiO2 is more effective as compared to the other two. When the photocatalytic degradation of benzene was assumed to be a pseudo-first order, it shows that CoPc(isa)2-TiO2 increased the reaction rate constant due to an increase in the slope of the curve, as shown in Fig. 2 .
Upon comparing the statistical correlation of the catalysts with 5% level of significance, the slopes of CoPc(isa)2-TiO2 and CoPc-TiO2 is significantly nonzero compared to TiO2 which has a slope close to zero. In comparison between CoPc(isa)2-TiO2 and CoPc-TiO2, the rate constant of the former (k = 0.006409) slightly greater than that of the latter (k = 0.006320) by 1.40% which shows that the axial ligand functionality does not hinder the photosensitizing capability of CoPc and it slightly improved the photosensitizer-catalyst interaction.
On a typical photocatalyst like TiO2, photocatalysis can occur by surpassing the band gap by light excitation. This creates an electron in the conduction band and a hole in the valence band, called electron-hole pairs, which facilitates redox processes to adjacent molecules. In indoor environments where ultraviolet radiation is absent, the band structure of TiO2 makes it unable to generate electronhole pairs because the radiant energy provided is not sufficient to overcome the band gap energy for electron excitation. Visible light PS like CoPc are therefore essential for TiO2 to function on indoor environments because they donate electrons directly upon excitation to the conduction band of TiO2, as shown on Fig. 3 . The donated electron in the TiO2 conduction band can lead to reduction reactions whereas the ideal PS may regenerate the electron by an oxidation reaction. The PS-TiO2 composite can then produce an ideal redox couple which can activated by visible light. Cobalt (II) phthalocyanine has already been used both as a catalyst 12 and a visible light photosensitizer for photocatalytic reactions. 8 Because of this, CoPc with TiO2 can be versatile in different kinds of lighting conditions. The axial ligation of CoPc allows enhancement of the electronic capabilities of the complex and functionalize the complex to be used for molecular design. In the study, isonicotinic acid was used because of its rigidity due to the pyridine ring and its assembly to TiO2 via its carboxylic acid moiety, a common functionality that provides attachments to metal oxides 13 . The slight improvement in the photocatalytic degradation therefore may be attributed to the isonicotinic acid acting as a bridging ligand to both the cobalt (II) and the titanium in the surface of TiO2, as shown in Fig. 4 . This covalent attachment can very essential for an efficient electron transport from photosensitizer to TiO2.
The scheme of photosensitization, therefore, using CoPc(isa)2-TiO2 is quite the same with other mechanisms 4 which involves an electron transfer from the excited complex to the TiO2 conduction band. The TiO2 will be the site for reduction which can react to adjacent oxygen molecules to form reactive oxygen species that degrades pollutants. It has the possibility that CoPc can also interact with the adjacent gaseous molecules to regenerate the electron loss. In the experiment, however, Co 2+ which can be the plausible site for interaction is unavailable due to the coordination of the axial ligands. Despite the limitations of the photosensitizer, CoPc(isa)2 seemed to perform more efficiently than CoPc. Nevertheless, the efficacy of CoPc with an added axial ligand has not affected the process of photosensitization of TiO2.
Conclusion
The study has shown that axially ligated-CoPc with TiO2 (CoPc(isa)2-TiO2) photocatalyst has exhibited an increase in the efficiency of the photocatalytic degradation of benzene vapor as compared with its TiO2 and CoPc-TiO2 counterparts, under ambient indoor lighting (fluorescent lamp).
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Experimental
In situ synthesis of bis(isonicotinic acid)phthalocyaninatocobalt (II), CoPc(isa)2
In a round-bottom flask, 0.25 mg (0.875 mmol) cobalt (II) phthalocyanine (~92% dye content beta form, Tokyo Chemical Industry) was mixed with 0.25 mg (2.03 mmol) isonicotinic acid (ACS grade, Sigma-Aldrich) and was then dissolved in 250 mL of 1:1 THF:methanol. The mixture was then purged and enveloped with nitrogen and was refluxed at room temperature for 72 hours. The mixture was then filtered and the residue was left at room temperature to dry. The residue appears to be blue-green in color. Yield: 71. 
Photocatalyst Preparation
In a mortar and pestle, 0.020 g of CoPc(isa)2 and 0.5 g of anatase TiO2 (powder 99.8%, SigmaAldrich) were grinded with drops of Joy Dishwashing Liquid and diluted acetic acid added to the mixture forming a thick paste. The paste was then coated evenly on one side of a 2.5 cm by 7.5 cm microscopic glass slide followed by sintering on a hotplate at 200ºC for 20 minutes. Another photocatalyst was made from 0.5 g of anatase TiO2 and 0.020 g of CoPc using the same procedure. The photocatalyst made from only 0.5 g of TiO2 was made with a sintering temperature of 300ºC for 20 minutes.
Fluorescent (Indoor) Light Photocatalytic Degradation of Benzene Vapor
The oxidation of benzene vapor was carried out in a fabricated chamber made out of glass with dimensions and details shown in Fig. 4 . The chamber was constructed with a removable top to place the glass plates inside with the catalyst facing up. All sides were secured with duct tape to prevent possible vapor leakages. The gastight port is made out of a round PVC fitting with a length of 3 cm and a diameter of 2.5 cm and was capped with a rubber septum with the same diameter. The chamber is situated under a sand bath on a hotplate to regulate temperature. The whole setup was placed in a fume cupboard equipped with a 65 W fluorescent lamp which served as the light source.
Fig. 5. Schematic of the fluorescent light photocatalytic degradation chamber
The CoPc(isa)2-TiO2 photocatalyst was placed inside the chamber which was then securely sealed. With the fluorescent light turned off, 100 μL of reagent grade liquid benzene was injected onto the chamber. The chamber was then heated to 80ºC for ten minutes to evaporate all the benzene before the irradiation starts. 50-μL gas sample increments were collected before irradiation and in 15-minute intervals after irradiation using a gas-tight syringe. The benzene response of the samples was measured using a Perkin Elmer Clarus 500 Gas Chromatograph -Mass Spectrometer with an Elite-5MS capillary column (length 30 m, unternal diameter 0.25 mm, film thickness 0.5 μm). The injection temperature of the chromatograph was set to 250ºC and the oven temperature is at 60ºC. Each run was set for five minutes and the area of the peak at the 1.8 min retention time was measured.
The extent of benzene degradation was measured assuming that the concentration of the benzene in the gas collected is directly proportional with the peak areas obtained. Due to this assumption, percentage degradation is equivalent to the difference between the peak areas at a certain irradiation period with respect to the unirradiated gas sample, as shown in Eq. (1):
where A0 is the peak area obtained before irradiation and A is the peak area obtained on a certain time period. To measure the photocatalytic activity of each, the oxidation of benzene was assumed to be a pseudo-first order reaction. The correlation of the concentrations (based on the peak areas) and the irradiation time was obtained using Eq. (2):
where c0 is the initial concentration in the gas sample and c is the concentration of the gas sample at time t. The rate constant of the reaction is represented by k which served as the point of comparison for catalytic efficiency.
